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Abstract 
The determination of hydraulic conductivity is a relevant topic for the characterization of widely-extended sandy coastal deposits. 
In the present work, the hydraulic conductivity of the Rimini Northern coastal deposits is evaluated through different procedures. 
Hydraulic conductivity is estimated from in situ and laboratory tests on small soil volumes, and from empirical correlations based 
on particle size distribution and in-situ tests. Relying on the variability ranges of the estimated parameters, a preliminary 
numerical water flow model of the testing area has been developed. Results can be considered as predictive of the hydraulic 
behavior of large soil volumes in the investigated area. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing and scientific committees of CNRIG2016. 
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1. Introduction 
Sandy coastal deposits with significant continuity over a wide area are particularly sensitive to many different 
phenomena: saline water ingression, soil liquefaction under seismic conditions and the potential contamination and 
diffusion of pollutants. All these problems depend on many factors and in particular on the hydraulic conductivity 
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(Ks) and its variations.Well-established methods are available to determine this parameter, but there is no 
methodological standard or benchmark. In this paper different measurement methods were used to define the Ks of 
the North coast of Rimini that is characterized by lithostratigraphic continuity and homogeneity. On the basis of the 
obtained data, a preliminary numerical ground-water flow model was finally developed.  
2. Study area: geological and geotechnical properties  
The morphology of the area included between the actual mouth of the Marecchia River and the northern 
boundary of Rimini (Fig. 1) is flat, with the exception of a gentle slope of about 10 m at an average distance of about 
600 ml SW from the shoreline. This gentle slope consists of recent clayey deposits and is the product of the erosive 
action of the sea during the phase of its maximum ingression occurred about 5000 years ago [1]. Holocenic sea level 
fluctuations increased the marine sedimentary prism until the current configuration. The coastal deposits constituting 
the typical sand wedge are generally divided in two main units: a more superficial sandy unit, belonging to the 
geological unit AES8a, here named A, deposited mainly in high-energy beach environments; and a second 
underlying silty sandy unit, corresponding to the geological unit AES8, here named B, due to an incomplete 
rearrangement of alluvial sediments operated by sea currents, as typical of backshore and lagoon environments with 
less depositional energy; finally, an alluvial clayey layer, here named C, at the bottom of the superficial aquifer 
(sometimes with metric gravelly layers), is included in the geological unit AES8. The water table is around 1 meter 
depth. The geotechnical characterization is based on several in situ tests and laboratory tests, taken from the Emilia 
Romagna region geological map database, municipal database of Rimini and several private investigations. The tip 
resistance Rp, obtained from 49 Cone Penetrometer Tests CPT, and the particle size characteristics (i.e. the Fine 
Content FC) of the two main geotechnical units (A and B) of the sand wedge are given in Fig. 2, as well a synthetic 
description of each unit. 
The investigated superficial sands of unit A are consistent with the sands characterization of previous sampling 
campaigns in the Romagna coasts [2,3]. In particular, the beaches of the entire coastline consists of prevailing fine 
sands, since the average median diameter d50 (i.e. particle size passing through 50% by weight) is § 0.22 mm. 
According to [2], d50 generally decreases from the South to the North, beyond the jetties of Cesenatico (217 to 132 
ȝm), Uso (from 196 to 174 ȝm), Riccione (243 to 171 ȝm) and Cattolica (over 2000 to 226 ȝm), while the situation 
is reversed around the jetties in Cervia, Rimini and Pesaro where sediments carried by the rivers Savio, Marecchia 
and Foglia flows into the sea. The sands carried from the Marecchia River are plenty of carbonate minerals due to 
the lithological characteristics of rocks forming the catchment area, reaching a value up to 64% between Uso and 
Marecchia mouths [4]. Morphometrically the Romagna coastal sands can be defined as subrounded for sphericity 
and roughness (form factor of about 0.7). Soils belonging to the unit B show a decrease in the average particle size 
with d50 = 0.18 mm, a lower degree of sorting and a higher fine content FC.  
The analysis of the particle size distribution was carried out through n. 31 soil samples retrieved in 
correspondence of CPT tests. Table 1 summarizes the average (AVG) and standard deviation (SD) values of the 
particle size parameters relevant for units A and B. In this way, it is possible to define the typical distribution curves 
for unit A and B, colored in blue and in red respectively, accompanied by the corresponding standard deviation 
values (Fig. 3 (a,b)).  
 
 
Fig. 1. (a) Synthetic geological map of the investigated area, with reference to in-situ tests; (b) typical geological section (from [1]). 
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A
B
C
Cone resistence qt (Mpa) Norm. Soil Behav. Type SBTn Geotechnical section Unit A 
well sorted medium dense to dense sands 
thickness (avg) 2.5÷3.5 m
Rp > 50 kg/cmq 
Dr 45÷70 
FC 2÷7% 
Unit B 
loose sands at the top; deeper, sand layers interbedded 
with thin layers of silt and clay; occasionally metric 
layers of soft clay with organic material or gravelly-
sands at the bottom 
thickness (avg) 3.0÷4.0 m
Rp 15÷50 kg/cmq 
Dr 30÷45 
FC FC  8÷15% (occasionally 20÷25%)
Unit C 
alluvial clayey soils 
Fig. 2. Typical coastal lithotechnical sequence (units A-B-C) and main parameters. 
 
Fig. 3. (a) Particle size parameters for the significant samples; (b) Overall particle size distribution and average curves for unit A and B. 
3. Hydraulic conductivity  
3.1. Measuring approaches 
Given the high degree of uncertainties related to the determination of the hydraulic conductivity in an aquifer, 
several methods and a sufficient number of measures should be taken into account.  
In the present study the following techniques and approaches were used to measure the Ks of the two geotechnical 
units of the North coast of Rimini: 
x laboratory measurements, 
x small scale field tests, 
x correlation from CPT, 
x empirical correlations based on grain size distribution.  
In-situ permeability and tracer tests will also be considered in the next months. 
For what concerns laboratory tests, a first measure of the Ks was obtained with constant head triaxial cell tests 
[5]. With respect to other permeability tests (i.e. falling head), this kind of test is generally considered more 
appropriate for soil with high permeability. 3 tests on different undisturbed samples belonging to the unit A were 
conducted in a triaxial cell, in isotropic stress conditions.  
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In the field, hydraulic conductivity can be determined by means of several methods; some of them allow the 
testing of a small portion of soil, while others imply the testing of larger volumes. The advantage of these methods is 
that the soil is less disturbed than in laboratory and are able to keep into account the natural layering of the deposit, 
therefore they may provide more realistic measurements. In this study, Ks was defined from the sub-surface (open 
holes) using infiltration methods; in the near future a tracer dilution test will also be performed. Near the zone where 
samples were taken, 3 field measurements of hydraulic conductivity were performed using a single ring infiltrometer 
with constant head procedure, according with the guidelines [6]. This procedure is particularly suitable for 
cohesionless unsaturated soils. Tests were conducted on the bottom of a small trench, in the vadose zone, and only 
the conductivity of Unit A was measured.  
An approximate estimate of Ks is also made from the value of soil behavior index type Ic using normalized CPT 
parameters and the traditional Soil Behavior Type charts (SBT) [7]. This procedure, allows investigating soil at 
greater depth and larger soil volumes than laboratory tests. Thus, 7 CPTe and CPTu field tests distributed across the 
studied area were taken into account. In particular, the average relationship between Ks and Ic can be represented by: 
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Finally, another procedure for the estimate of the hydraulic conductivity of the studied aquifer has been adopted, 
using empirical correlations based on the granulometric characteristics of the soil samples, without any specific in 
situ tests. In the present study, a set of simplified formulations from several authors are considered for the evaluation 
of the permeability Ks. Some of them relates Ks with granulometric features such as d5, d10, d50 or Uc, [8-10], while 
others are also based on void ratio or porosity [11-14]; finally, [15-17] require even the dynamic viscosity of the 
soil, the effective diameter deff and shape factors to define a specific surface. These correlations are appropriate for 
cohesionless soils, and in particular for well sorted medium-fine sands (UC <12÷20).  
It should be noted that the values of Ks obtained directly from laboratory tests and in situ investigations are 
measures of the vertical hydraulic conductivity Kv,. Even values obtained from indirect correlations should be 
considered measures of Kv,, since the validation of such expressions is generally performed via experimental 
laboratory tests. As a general consideration, due to the grain orientation during depositional phases, the horizontal 
hydraulic conductivity Kh is usually an order of magnitude greater than Kv, if the soil is homogeneous. Discrepancies 
between permeability along the two orthogonal directions are more pronounced if the soil is non-homogeneous (i.e. 
layering of clay and sand strata). 
3.2. Comparisons 
Results of the whole set of procedures adopted for the estimate of Ks are reported in Fig. 4, for Unit A and B, in 
terms of mean value (AVG), Upper Bound (i.e. the mean value plus standard deviation) and Lower Bound (i.e. 
the mean value minus standard deviation), hereinafter referred to as UB and LB respectively.  
The following aspects can be highlighted: 
x It is straightforward to observe that Ks is generally lower for unit B than for unit A, especially when results 
obtained from correlations based on CPT are considered.  
x For soil A indirect estimates (likely correlations based on CPT and particle size distribution PSD) generally 
provide higher values of Ks, with respect to direct measure obtained from in situ tests (INF), or tests in triaxial 
cell (TXL). TXL, in particular, provide the lowest estimate. 
x For soil B the evidence is reversed, since in situ empirical CPT estimates provide lower values of Ks.  
x Results obtained via CPT in soil type A are more sparse (i.e. have a higher standard deviation) than those 
obtained with other procedures.  
x Finally results obtained in soil A from correlations (PSD, CPT) are in good agreement for what concerns the 
average values of Ks; apart from this, results from other procedures can differ even for an order of magnitude. 
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x Overall permeability of Unit A and B can differ of an order of magnitude. 
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where:
PSD = correl. with particle size distribution 
TXL= results of lab test in triaxial cell 
INF = results of in situ infiltration tests  
CPT = correl. with CPTe/u
 
Fig. 4. Ks values measured by means of the adopted methods 
4. Flow model
Alongside with the execution of specific in situ tests with tracers on large soil volumes, a preliminary flow model 
is developed assuming a filtration motion induced by injection-extraction wells, based on the soil characterization 
described above, and on the values of Ks previously determined. This prediction model does not concern specific 
problems of dispersion/diffusion of multiphase solutions but its scope is rather that of suggesting the filtration 
motion artificially induced in the superficial aquifer and the expected flow trajectories with the corresponding 
traveling times. In this study, the injection and extraction rates are taken as the maximum rates that are theoretically 
possible for a certain hydraulic conductivity level. Then, since the fluctuations of water level should be minimal, the 
extraction rates are adjusted, when necessary, to satisfy that condition. The present study takes advantage of 
MODFLOW [18] and Model Muse GUI interface [19].  
The numerical study was performed in a reservoir consisting of 2 layers of uniform sand with water saturation at 
depth to -1 m from ground level. The reservoir has an area of 100 m x 25 m in the x-y plan, and a depth of 7 m (i.e. 
the thickness of superficial aquifer). Below, a substantially impermeable bottom formation is assumed. 1 injection 
and 1 extraction wells at a distance of 5 m are located on either side of the centre of the treatment volume (Fig. 5). 
Constant pressure boundaries are located on the left and right side of the simulated reservoir. The remaining sides 
are considered as constant head flow boundaries. The simulated reservoir is discretized with 1 m3 blocks, but the 
grid is refined to a size of 0.1 m around and between the wells. For the preliminary analyses, the flow was simulated 
by adopting the permeability parameters (AVG, UB and LB) computed from the methods mentioned in the previous 
section.  
A suitable steady-state injection profile was determined by assigning trial injection and extraction rates, without 
inducing significant changes in water level. This condition is particularly relevant in anthropized environments, in 
order to avoid problems of different nature (such as soil instability or settlement). It was found out that, when the 
extraction rate Qout is § 1.3 times the injection rate Qin, the most increased flow towards the extraction wells is 
observed. First trials were performed by considering LB parameters; considering the maximum possible Qout 
(1.2x10-4 m3/s) and Qin (1.6 x10-4 m3/s), with the ratio Qout = 1.3Qin, a slight rise in water level (water level change 
WLC = + 7 cm) was achieved. The particles were expected to travel from the injection to the extraction well in a 
travel time TLB of approximately 18.0 h. With the same extraction/injection rates, with UB parameters, the travel 
time is TUB § 16.4 h and the drawdown level is WLC = – 7cm. Furthermore, additional trials were done for the UB 
conditions trying to increase the extraction/injection rates, always maintaining small fluctuations in the water level, 
and the following flow values are reached: Qin = 6.4x10-4 m3/s, Qout = 4.8x10-4 m3/s, TUB § 4.5 h max, WLC = +14 cm. 
Those values should be considered as a starting point for the investigation of the main features of the hydraulic 
flow in the Northern Rimini coastal deposits. In fact, an extended direct investigation is currently ongoing, including 
laboratory tests, and in-situ permeability and tracer tests, the results of which will be adopted for the calibration of a 
more refined flow model.  
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Fig. 5. Magnified Top (a) and Front (b) view of MODFLOW model with hydraulic head isolines and pathlines. 
5. Conclusions and future developments
In this work a preliminary estimate of the hydraulic conductivity of the Northern Riminese sandy coastal deposit 
is determined, through different technique of investigation: empirical correlation based on particle size distribution, 
small-size soil samples measurement, field test conducted on small soils volume or empirical estimate based on 
results of CPT tests. The observed trends of Ks are different for the two soil units and results are generally 
characterized by a significant variance. Moreover, a preliminary estimate of overall hydraulic conductivity and flow 
model are also developed in order to predict the characteristics of the flow artificially induced in the superficial 
aquifer by a wells system. In the next months, those preliminary results will be compared with the data obtained 
from a direct investigation currently ongoing including of laboratory analysis, in situ permeability and tracer tests. 
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